Intertidal macroalgae are exposed to many abiotic stress factors, and they must regularly react to changes in their environment. We used RNA-seq to describe how Porphyra umbilicalis (Rhodophyta) changes gene expression patterns to interact with different habitats. Tissue samples were taken from a typical habitat along the open-coast of the Northwest Atlantic, as well as from a rare, atypical habitat in an estuarine tidal rapid environment. Differential gene expression analyses suggest that pathogic bacteria and viruses may be a significant factor influencing the transcriptome in the human-impacted estuarine environment, but the atypical habitat does not necessarily induce more stress in Porphyra umbilicalis growing there. We found genes related to nitrogen transport are over-expressed in tissue from the open-coastal site compared to those from the estuarine site, where environmental N levels approach hypertrophic levels. Low N levels impede growth, but high levels are toxic to cells, and we use qPCR to show this species regulates expression of a putative high-affinity NH 4 + transporter under low and high N conditions. Differences in expression of this transporter in these habitats appear to be inherited from parent to offspring and have general implications for adaptation to habitat in other species that are capable of asexual reproduction, as well as more specific implications for this species' use in aquaculture.
Background
Abiotic stress is a nearly universal factor affecting photosynthetic eukaryotes. Some organisms deal with stressful environmental changes better than others, but few are capable of coping with variable environmental conditions better than intertidal algae. Porphyra umbilicalis Kützing is a species of marine red algae of the North Atlantic that is known for its tolerance of desiccation (Smith and Berry 1986) , rapid osmotic changes (Reed et al. 1980) , and subzero temperatures (Wang et al. 2011, Green and . Some of this tolerance is due to cell structure and anatomy, but the physiological mechanisms by which they respond to abiotic stress are not well understood. As a candidate for potential use in integrated multitrophic aquaculture (IMTA) to remove NH 4 + produced from fish effluent (Blouin et al. 2007 , Kim et al. 2007 , Day et al. 2009 , Green and Neefus 2016 , and as a potential model organism for Rhodophyta (Gantt et al. 2010 , Blouin et al. 2011 ), a better understanding of the effect of environment on gene expression by which it copes with stress and N uptake is necessary.
Porphyra umbilicalis typically lives on rocky substrates in the high intertidal zone, but it can also be found in estuarine tidal rapid locations on bridge pilings such as in the mouth of the Great Bay Estuary system in Dover Point, NH, USA. (West et al. 2005 , Eriksen et al. 2016 . Estuarine rapids are rare in the Gulf of Maine, and experience high velocity currents and changes in salinity and temperature with tidal changes. Eriksen et al. (2016) identified six Porphyra umbilicalis genotypes among populations in the Gulf of Maine based on a limited set of polymorphic microsatellite loci but showed isolation by distance is a more important factor influencing population structure than selection for habitat. This suggests the populations acclimate to different stress conditions in different habitats through physiological adjustments. Mathieson et al. (1981b Mathieson et al. ( , 1981a compared the macroalgal species composition and environmental conditions at Dover Point (DP) and a fully marine location nearby at Fort Stark (FS), located on Jaffrey Point in New Castle, NH, USA. They describe a greater range in salinities (22-31 ppt DP; 26-32 ppt FS) and water temperature (1-22°C DP; 1-20°C FS) at DP. Over the last 30 years, the Great Bay Estuary System and DP has experienced increasingly high N levels, largely due to discharge from sewer treatment plants in surrounding towns, and non-point sources including run-off from increasing amounts of impervious pavement and development (PREP 2013 , Trowbridge et al. 2014 . Nitrogen levels from 2008 to 2010 measured at nearby Cedar Point by Nettleton (2012) were classified as hypertrophic and ranged from 5.03-57.98 μM total N. In comparison, NH 4 + levels at FS collected from 1973 to 1974 by Norall and Mathieson (1974) ranged from approximately 0-0.08 μM NH 4 + , while NO 3 − concentrations ranged from 0.02 to 0.23 μM. Ammonium nitrogen levels in the vicinity of DP at that time ranged from 0.06 to 0.65 μM, and NO 3 − concentrations ranged from 0 to 0.02 μM (Norall and Mathieson 1974) .
We used RNA-seq to identify differentially expressed (DE) genes within and among populations growing in these habitats at DP and FS, NH, USA. This sampling allows us to compare gene expression between two genotypes in a single habitat (FS), but also to compare gene expression among different habitats (DP and FS) using P. umbilicalis tissue with the same genotype but also with different genotypes. Our goal was to compare gene expression patterns among libraries to describe the extent to which environment and genotype affect gene expression, to determine if one environment elicits a greater stress response, or N metabolism response than the other, and if so, to begin to describe the physiological mechanisms by which Porphyra umbilicalis copes with stress. The results shed light on how this organism interacts with its environment in atypical habitats and has implications for N uptake in IMTA systems.
Methods

Sampling
We collected tissue during high tide from two locations at Fort Stark, Jaffrey Point, New Hampshire (43°03′ 28.3″ N 70°42′ 41.7″ W) and from the U.S.-4/N.H.-16 bridge pilings at Dover Point, New Hampshire (43°07′ 11.5″ N 70°49′ 38.5″ W), mid-day in late July and early August 2012 (Fig. 1) . At FS, whole thalli were removed from rocks within a 3 m radius at two locations while submersed or partially submersed. The thalli were patted dry, visible epiphytes and amphipods were carefully removed, and the tissue was flash frozen in liquid N in the field. Tissue from DP was collected during high tide from a single bridge piling where they were known to occur, inspected for preliminary species identification, cleaned of visible epiphytes, and then patted dry and frozen in liquid N in the field. We made no effort to eliminate microscopic epiphytes or endophytes, nor bacterial contaminants on or within the tissue that was demonstrated to be abundant in an earlier study by Miranda et al. (2013) . A small amount of each thallus from each population was put aside while in the field in a 1.8-mL cryogenic tube for species confirmation and genotyping. Samples were returned to the lab and stored at − 80°C until processing.
We extracted DNA from the small samples set aside for genotyping in a 96-well plate format using a modification of the method by Page (2010) described in Eriksen et al. (2016) . Species identification was confirmed using restriction fragment length polymorphisms (RFLP) as described by Teasdale et al. (2002) .
RNA-seq library preparation
Tissue from each population was genotyped at three polymorphic microsatellite loci according to Eriksen et al. (2016) . The thallus samples were then pooled into libraries based on genotype as genotype 3 (g3) or genotype 6 (g6) ( Table 1) ; no individuals from DP were assayed as g3. The number of individuals collected was relatively low due to small population size. The pools of tissue were ground to a fine powder in a mortar and pestle with liquid N. We extracted the total nucleic acids from the tissue as described above and in Eriksen et al. (2016) . Following extraction, the total nucleic acids were treated with RNase-free DNase (1500 Kunitz units, Qiagen, Germantown, MD, USA) per the manufacturer's instructions at the maximum volume. DNase was removed with equal volumes of 24:1 chloroform to isoamyl alcohol and centrifuged at 2440×g for 5 min at 4°C. The supernatant was pipetted off, and 1/10 volumes of 3 M sodium acetate was added. The RNA was then precipitated with two volumes of cold 100% ethanol at − 20°C for 1 h. The tubes were subsequently centrifuged at 12,000×g for 10 min to pellet the RNA, which was then washed with 500 μL cold 70% ethanol twice before being re-pelleted by centrifugation at 12,000×g for 2 min. The quality and quantity of RNA was assessed by evaluating concentration and A260/A280 and A260/A230 ratios on a NanoDrop 2000c spectrophotometer (ThermoFisher Scientific, Grand Island, NY, USA). Integrity of the RNA samples was measured on an Agilent 2100 Bioanalyzer at the Hubbard Center for Genomic Studies at the University of New Hampshire, Durham, USA; RNA integrity numbers (RIN) were high and ranged from 8.8 for the DP pool, to 9.2 for the FS g6 pool.
Library preparation by polyA cDNA isolation and sequencing on a HiSeq2000 platform was performed by Otogenetics Corporation (Norcross, GA, USA). Reads with adaptor contamination and low support bases were filtered out by the bioinformatics core at Otogenetics. The sequences were then mapped to the reference library Porphyra umbilicalis non-redundant EST contigs (assembly B, available at http://porphyra.rutgers.edu/ downloaded February, 2013; Chan et al. 2012a ) using CLC Workbench; all sequences that did not map to the reference library were treated as contaminant sequence and eliminated from the dataset. Therefore, the results represent expression of Porphyra genes rather than expression of the meta-transcriptome to the extent that the EST database was culled of contaminant sequences (Chan et al. 2012a ). Differential expression analysis was conducted in CLC Workbench, using RPKM (reads per kb per million reads) values to evaluate gene expression levels, and Kal's Z test to evaluate significance. Contigs with at least a twofold difference in expression and a significance level less than a Bonferroni-adjusted value of α were considered DE among the libraries.
The DE sequences were submitted to the KEGG Automated Annotation Server (KAAS) under default parameters for annotation. We used BLAST2GO to conduct BLASTX searches with a less stringent evalue cutoff of 1e −3 against the NCBI non-redundant database for sequence and pathway annotation (Conesa et al. 2005; Conesa and Götz 2008; Götz et al. 2008) . Mapping and Interpro Scan analyses were conducted with BLAST2GO default values. Analysis of Gene Ontology (GO) annotations was done in WEGO (Ye et al. 2006) . GO enrichment analysis was conducted in R v. 3.2.3 using the package topGO (Alexa and Rahnenfuhrer 2010). Heat maps for expression levels were created using the R package gplots (Warnes et al. 2016 ).
Tissue cultures, tissue acclimation, and quantitative PCR
The expression levels of one DE contig (P_umbilicalis_ esContig4469) that was annotated as an amt was evaluated by qPCR under low and high N conditions in tissue from multiple populations maintained in culture under common garden conditions. Tissue was sampled from the field at FS and DP and assayed as g3. Neutral spores were harvested from multiple individuals and grown to size in culture from spores according to Redmond et al. (2014) . Cultures were maintained in 1-2-L Erlenmeyer flasks containing modified Von Stosch enriched (VSE) seawater (Ott 1966) with NH 4 Cl serving as the N source at 5 mM concentration. Salinity was measured weekly and adjusted to 30 ppt. Constant aeration was applied, ambient temperatures were maintained at 15°C, and tissue was kept under a constant day neutral photoperiod (12:12 light to dark) at a 30-s average value of 30 μmol photons m
. Pieces of tissue between 0.2-0.3 g (fresh weight, patted dry) from three different thalli from each population were placed in 250-mL flasks containing either sterile seawater for low N conditions (< 5 μM NH 4 + ), and an equal amount of tissue from the same three thalli was placed in Von Stosch enriched (VSE) seawater under high N conditions (5 mM NH 4 + ). Different pieces of tissue from the same thallus were thus evaluated under both low and high N conditions. The samples were left to acclimate to the N conditions for 10-14 days under the culture conditions described above. Von Stosch enriched water was replaced in high N experimental treatments every 2 days to ensure constant high N conditions; however, the unenriched sterile seawater was not replaced to allow the N to become depleted.
Following the acclimation period, the tissue was removed from the culture medium, patted dry, and immediately frozen in liquid nitrogen. The RNA was extracted via the methods described above and assessed for quality using a NanoDrop 2000c spectrophotometer. We used the GoTaq® Probe 2-step RT-qPCR system (Promega, Madison, WI, USA) to prepare the cDNA.
The transcription elongation factor 1 (ElF1) is among the optimal reference genes tested for comparative gene expression analysis related to stress tolerance and development in Pyropia yezoensis (Kong et al. 2015) . We identified contig P_umbilicalis_esisotig06418 as a putative ElF1, containing a putative zinc-binding domain with four conserved cysteine residues and an elongation transcription factor 1-like domain (pfam05129). For our reference gene, we designed primers to amplify a region of this contig (5′-CGT CGA CCC AGT TGC TAT AC-3′, and 5′-CTG CGA ACA CGA GCA GT-3′). Sequences acquired from tissue using these primers were a reciprocal best BLASTx hit with 97% identity and an evalue of 7e −35 to a transcription elongation factor from P. yezoensis (Uji et al. 2010) .
The primers for the putative Porphyra umbilicalis amt target gene were designed to amplify a 128-bp region of P_umbilicalis_esContig4469. The forward primer (5′-GCG TAC TAC TTG TTC GGG TAT G-3′) was designed to span an exon-exon boundary, over an intron that was discovered in contig P_umbilicalis_es-Contig961 between base 210 and 360 (Eriksen 2014) . Quantitative PCR was conducted in triplicate for each sample using a Roche LightCycler 2.0 and 20 μL reactions containing 1X GoTaq® Probe qPCR Master Mix (Promega), 100 nM reference gene primers (above), and 250 nM reference gene probe (5′-/56-FAM/CAG GGC GGT/ZEN/GAT GGT CAT CTC ATG/3IABkFQ/-3′; Integrated DNA Technologies), 900 nM of the target gene forward primer and reverse primer (5′-GCA AAC GTC CAC TGA AAG AAC-3′), 250 nM of the probe (5′-/5HEX/TCG GAC GAC/ZEN/ACG CAA GAG TTT CAT/3IABkFQ/-3′), and 16.5-39.5 ng prepared cDNA. Thermal cycling conditions included a one-time, 2 min hot start at 95°C, then a cycle consisting of a denaturation step of 15 s at 95°C, an annealing step at 55°C for 10 s, and an extension step at 60°C for 30 s which was repeated for 55 times, and followed by a single cooling step at 40°C for 30 s.
Relative differential expression of the target amt gene was assessed using the calculations described by Pfaffl (2012) against expression of ElF1 as the reference gene. The normalizer sample was cDNA from total RNA extracted from cultured Schoodic Point tissue growing under standard culture conditions as described above. We also sampled tissue under high and low N conditions for cultured tissue from Schoodic Point (g1) and Quoddy Head (g4), ME as outgroup samples (Fig. 1) .
Statistical analyses of expression were done in IBM SPSS v. 21. We used a two-way ANOVA to determine the effects of population and N level on relative expression. The full dataset was log transformed according to Zar (1999) in order to meet the homogeneity of variance and normality assumptions of the two-way ANOVA. Simple main effects with a Bonferroni adjustment were used to determine which populations had significant differences in gene expression.
Results
Differential gene expression: same environment, different genotype (FSg3 × FSg6)
There were 299 contigs with at least a twofold significant difference in expression when the two FS libraries were compared (FSg3 × FSg6) ( Table 2 ). The KEGG Automated Annotation Server (KAAS) annotated relatively few of the contigs that were DE among the two genotypes from the same environment, and assigned them to 59 different pathways (Table 3) . BLAST2GO found significant hits for more contigs (Table 4 ) and assigned GO annotations to about 92% of the DE contigs.
Differential gene expression: different environment, same genotype (FSg3 × DPg3)
There were more contigs DE among the FS g3 (FSg3) and DP (DPg3) libraries than among the two FS libraries ( Table 2 ). More of the DE contigs were annotated by KAAS (Table 3 ) and BLAST2GO (Table 4) ; contigs were assigned to nearly three times as many pathways. Compared to the FSg3 × FSg6 comparison, there was also a greater abundance of DE putative Porphyra contigs associated with biosynthesis of secondary metabolites, plant-microbe-interaction pathways such as "infection by Vibrio cholerae," and various plant antibiotic biosynthesis pathways (Table 5) .
The greatest number of DE contigs was found in the comparison between the FS g6 (FSg6) and DPg3 libraries (Table 2) . However, fewer of the DE contigs were annotated by KAAS (Table 3 ) than in the comparison between the FSg3 × DPg3 libraries. Similar to the comparison of FSg3 × DPg3, there was also an abundance of DE contigs associated with plant-microbe-interaction pathways (Table 5 ). BLAST2GO found significant hits for only about 60% of DE contigs (Table 4) .
Differentially expressed candidate genes related to salinity and temperature stress.
Among contigs annotated by the BLAST2GO, 499 were identified as putatively coding for enzymes related to oxidation-reduction process (GO:0055114). Hierarchical clustering of expression patterns breaks these contigs into two groups (Fig. 2) . In one group, contigs are highly upregulated in FSg6 and significantly downregulated in DPg3 libraries; in the other group, contigs are downregulated in both FS libraries and upregulated in DPg3. Genes involved in ROS control such as L-ascorbate peroxidase (APX) and catalase (CAT) were found in both groups, and expression levels had no clear correlation to habitat. Two contigs were identified as putative manganese superoxide dismutases (Mn-SOD), and both were over-expressed in the DPg3 library (Fig. 2) . Fifteen contigs were annotated to GO:0009408, response to heat, but there is no clear upregulation of all heat shock proteins in any library (Fig. 3) . Only one homolog of the kinases involved in the mitogen-activated protein kinase (MAPK) signaling cascade involved in stress signaling in green plants was found among the libraries, and there was no clear upregulation of these contigs among the libraries (Additional files 1 and 2). Calmodulins, Ca 2+ -dependent protein kinases, and other genes involved in calcium signaling in response to osmotic stress in green plants are not among the contigs found in these libraries.
Differentially expressed candidate genes related to nitrogen metabolism
There are 16 contigs found in all libraries that were annotated as GO:0006807, nitrogen compound metabolic process. Three contigs are annotated as NH 4 + transporters (AMT), one is annotated as a nitrate transporter, and three are annotated as nitrate reductase (NR) (Fig. 4) . The transporters are consistently over-expressed in the FSg6 library and under-expressed in the DP library. Two contigs annotated as putative NH 4 + transporters are over-expressed in FS tissue compared to DP tissue in comparisons of FSg3 × DPg3 and FSg6 × DPg3 libraries. The contig P_umbilicalis_esContig4469 annotated also as a putative ammonium transporter and was overexpressed in both FS libraries by over eightfold compared to the DPg3 library. Of the contigs annotated as putative nitrate reductases, two are over-expressed in FSg6, and the third is over-expressed in the DP library.
Quantitative PCR of a putative ammonium transporter
All populations experienced significantly higher relative expression of a putative NH 4 + transporter P_umbilicalis_ esContig4469 (hereafter NH4-4469) gene under low N conditions than high N conditions (Fig. 5) . Individuals from FS experienced the greatest difference in relative expression under high and low N conditions (mean difference in relative expression = 0.65 ± 0.21 SD; F (1, 70) = 98.72, P < 0.001); individuals from DP also experienced a difference in relative expression to a lesser extent that was still significant (mean difference relative expression = 0.2 ± 0.21 SD; F (1,70) = 6.139, P = 0.003).
Under low N conditions, there was a significant difference among populations in relative expression of this gene (F (3, 70) = 16.307, P < 0.001, partial η 2 = 0.411). FS tissue had significantly higher relative expression rates than DP and Quoddy Head (P < 0.001 for both). The difference in relative expression under low N conditions for tissue from FS and Schoodic Point was not significant at a Bonferroni-adjusted alpha = 0.017 (mean difference relative expression 0.24, SE = 0.08, P = 0.02).
Under high N conditions, relative expression of this putative NH 4 + transporter was low in all populations. There were no significant differences in relative expression patterns among populations under high N conditions (F (3, 70) = 1.856, P = 0.145, partial η 2 = 0.074).
Discussion
We looked at differential expression patterns in Porphyra umbilicalis growing in a typical open-coastal habitat and a rare, atypical habitat in an estuarine tidal rapid habitat. Our goal was to understand how this species adjusts gene expression to acclimate to these different environments, and to understand N metabolism in this species that is a candidate for NH 4 + removal in IMTA systems. We find evidence that environment has a greater effect on gene expression differences than genotype alone, though there is a cumulative effect of environment and genotype on gene expression. There is no evidence that one environment elicits a higher stress response than another, but the high N load at DP has a significant effect on N transporter activity that appears to be trans-generationally inherited.
Differential expression analysis
The comparison of differential expression among libraries represents a breakdown of some of the factors affecting gene regulation. The comparison of expression patterns among FSg3 and FSg6 libraries represents differences due to genotype within the same environment, if we assume the micro-habitats of the two collection locations are roughly similar. Relative to the other comparisons among libraries, this comparison yielded the fewest DE contigs and the fewest annotations. The list of DE genes were enriched for innocuous terms related to cellular parts, and do not include terms that may be related to cellular stress such as oxidation-reduction process, phosphorylation, or protein ubiquitination (Table 3) . Genotypic differences among these samples may thus be interpreted as a minor factor influencing expression levels compared to the effects of environment as illustrated in the other library comparisons (Table 2) , and a factor that largely influences the expression of genes of unknown function, as only 21 and 41% of the DE contigs were annotated by KAAS and BLAS-T2GO, respectively (Tables 3 and 4) . The comparison of expression patterns among FSg3 and DPg3 libraries may represent differences due to environment only, because the tissue collected from DP was assayed as the same genotype as the FS material. These genotypes are only the same to the limited extent which the three polymorphic EST-SSR loci described in Eriksen et al. (2016) can identify genotypes, but these markers represented the most accurate way to identify genotypes available at the time of study. This comparison yielded many more DE contigs than the FSg3 × FSg6 + ) and high (5 mM NH 4 + ) N conditions for three pieces of tissue cultured neutral spores from algal populations collected at FS, DP, Quoddy Head, and Schoodic Point. Error bars represent the standard error of the mean. Letters denote significance at the Bonferroni-adjusted alpha = 0.017. There was no significant difference in the mean relative expression among populations under high N treatments, and therefore, no letters are given to denote significance comparison (Table 2) , and more with known functions (Tables 3 and 4 ). There was a higher proportion of DE genes with GO terms associated with immune system processes and viral reproduction. The difference in expression levels of immune system processes and viral reproduction among comparisons of environment is also reflected in KAAS data, which annotated more contigs attributed to plant-microbe-interactions, such as viral infection, Vibrio cholerae infection, and plant-pathogen interactions (Table 5 ). This suggests that the heavily human-impacted estuarine environment harbors more pathogens that macroalgae populations must contend with when living there. Seaweed has been shown to act as a reservoir for various pathogenic Vibrio populations (Mahmud et al. 2007 , Mahmud et al. 2008 , Gonzalez et al. 2014 , Martinez and Padilla 2016 .
The comparison of patterns among FSg6 and DPg3 libraries represents the interactive effect of genotype and environment on expression. It contains the most DE contigs (Table 2 ), but fewer were of known function (Tables 3  and 4 ). It more closely resembles the FSg3 × DPg3 comparison in terms of the abundance of pathogen and infection-related contigs (Table 5 ). For some contigs (such as those associated with GO terms related to the establishment of localization, molecular transducer activity, and transporter activity), there appears to be a cumulative effect of environment and genotype on expression of the pathway.
The environment thus appears to be the largest factor influencing differential expression among the libraries, and environment-by-genotype interactions also appear to be significant. The effects of pathogens and microbes appear to have a significant effect on expression levels of putative Porphyra genes via upregulation of genes involved in infection pathways, plant-pathogen interaction pathways, and various antibiotic synthesis pathways in the DPg3 library.
Stress response genes
Temperature and salinity conditions are two environmental factors that populations in these habitats may experience differently, possibly leading to a stress response. Populations under temperature and salinity stress should have elevated levels of expression of genes encoding antioxidant proteins (Dring 2005) . Sampath-Wiley et al. (2008) found elevated levels of stress-related antioxidant enzymes such as glutathione reductase (GTR) and CAT in emersed Porphyra umbilicalis tissue found in a typical open-coastal habitat under high temperature stress. Using microarrays to evaluate expression patterns of Chondrus crispus, Collén et al. (2007) found that genes for antioxidant proteins such as APX, CAT, dehydroascorbate reductase, glutathione peroxidase, GTR, methionine sulfoxide reductase, manganese superoxide dismutase, and thioredoxin were downregulated in hypo-osmotic conditions compared to the non-stress control. A different study found upregulation of APX in Gracilaria changii exposed to hypo-osmotic conditions compared to the control exposed to 30 ppt salinity (Teo et al. 2009 ).
In the RNA-seq libraries analyzed in this study, there was no consistent pattern in expression of ROS contigs; some were upregulated in FS libraries, and others were upregulated in DP libraries (Fig. 2, Additional files 1  and 2 ). Contigs that are annotated as phosphorylation genes that are involved in stress signaling pathways in green plants, such as the mitogen-activated kinases (MAPK/MAPKK/MAPKKK, though only MAPK appears to exist in P. umbilicalis), also show no consistent pattern (Additional file 2). Heat shock proteins show no consistent pattern (Fig. 3) . Based on these data, there is thus no clear evidence to suggest one or the other population is under more stress during submersed conditions in these habitats. Porphyra umbilicalis has non-rigid cell walls made of mannan and xylan (Lobban and Harrison 1997) and porphyran (Morrice et al. 1984 ) that allow the cell wall to expand and contract along with the plasma membrane under different osmotic conditions. The difference in salinity at the time of sampling was small and likely not outside of the range which P. umbilicalis is capable of coping with anatomical adjustments. Further work will be necessary to investigate specific hypotheses about the physiological response of this species to abiotic stress.
Nitrogen metabolism
Nitrogen (N) is an essential and often a limiting nutrient for macroalgae; it plays an important role in construction of amino acids and pigments such as chlorophyll and phycobilins (Reed 1990 ). Low nutrient stress may exacerbate damage to the photosystems via other abiotic stress factors and lead to ROS production by slowing the electron transport chain, but high levels of N cause the intermediaries of N assimilation (NO 2 − and NH 4 + ) to accumulate to toxic levels if the N assimilation process is not properly regulated within the cell (Taiz and Zeiger 2010; Raven 1980) . Nitrogen metabolism is thus tightly regulated by the cell, and the first step of regulation is intake. In barley, high-affinity NH 4 + transport systems are active at low concentrations of NH 4 + , but they are downregulated when internal N concentrations reach sufficient levels (Glass et al. 2001) . In the Porphyra umbilicalis EST database, Chan et al. (2012a) found seven contigs that code for putative NH 4 + transporters (Chan et al. 2012b ); thus, it seems reasonable to assume that transporters with different affinities for NH 4 + may be present within the Porphyra genome as well. Nitrogen uptake appears to be downregulated in DP tissue based on RNA-seq data (Fig. 4) . Two contigs annotated as putative ammonium transporters (amts) and another annotated as a nitrate transporter were under-expressed in DP tissue. The contig P_umbilicalis_esContig 4469 (NH4-4469) is identified by BLAST searches as a high-affinity transporter, and qPCR confirmed decreased expression of this gene under high N conditions, and increased expression under low N which is consistent with high-affinity transporters (Fig. 5) .
The difference in expression patterns from the RNA-seq data of amt NH4-4469 (high expression in FS tissue and lower expression in DP tissue) is predicted based on environmental N levels; however, the difference persisted in tissue grown under similar N conditions in culture. Tissue grown from neutral spores from field collected tissue from FS and DP and maintained in culture under the same high NH 4 + conditions (5 mM) maintained significant differences in expression patterns of this amt when later exposed to low N conditions (Fig. 5) . Tissue grown from neutral spores from parental tissue collected at FS had significantly higher expression of this putative high-affinity amt under low N conditions than tissue grown from spores from DP. Similarly, tissue grown from FS spores had significantly higher expression levels of this amt gene than outgroup tissue grown from Quoddy Head spores, which is also exposed to atypically high environmental N levels (Garside and Garside 2004 ) similar to DP.
The finding suggests tissue from FS is genetically predisposed to thrive under lower N conditions by upregulating expression of a gene necessary to take in more NH 4 + when it is scarce; or vice versa, that tissue from DP is genetically predisposed to thrive under potentially toxic loads of N. No sequence polymorphism among genotypes was found within a 465-bp region containing both coding and intron sequence of this gene using Sanger sequencing (Eriksen 2014) , though upstream sequence data were not available. Heritability of expression patterns from parent to offspring encompasses the field of epigenetics, but the mechanism by which that information is passed through generations when the offspring are generated through sexual reproduction is complicated by erasure of genomic imprints during gametogenesis and embryogenesis (Gibson and Weir 2005) ; however, the asexual life cycle of the populations of Porphyra umbilicalis in this study theoretically could allow for simple transmission of environmentally induced epigenetic signals. Environmentally induced methylation changes are heritable in apomictic dandelions (Verhoeven et al. 2010 ) and has been shown to be an important mechanism of acclimation and adaptation in dandelion range expansion Preite 2014, Preite et al. 2015) . Adaptation to environment by epigenetic signals may explain why previous studies using EST-SSR markers found no evidence of genetic structure in populations in open-coastal and estuarine environments in the Gulf of Maine (Eriksen et al. 2016) . While the data are merely suggestive at this point, further exploration of polymorphism within the regulatory regions, or epigenetic signals in the regulatory region of this amt gene may be warranted.
Conclusions
Our results have implications for use of Porphyra umbilicalis in integrated multitrophic aquaculture (IMTA). The species has been suggested as a possible partner in IMTA systems (Blouin et al. 2007 ); however, the levels at which fish experience nitrogen toxicity in aquaculture systems is relatively low (Randall and Tsui 2002) compared to the NH 4 + concentrations at which P. umbilicalis thrives in culture. Populations of P. umbilicalis representing different asexual lineages may have different genetically controlled abilities to take up NH 4 + from fish effluent at lower environmental concentrations, depending on the expression of high-affinity NH 4 + transporters such as NH4-4469. Researchers seeking to identify lineages with an increased ability to take up NH 4 + from aquaculture systems might look for populations growing in low-nitrogen habitats such as open-coastal sites away from human influences. 
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